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Fast speckle suppression is crucial for time-resolved full-field imaging with laser illumination.
Here, we introduce a method to accelerate the spatial decoherence of laser emission, achieving
speckle suppression in the nanosecond integration time scale. The method relies on the insertion
of an intracavity phase diffuser into a degenerate cavity laser to break the frequency degeneracy
of transverse modes and broaden the lasing spectrum. The ultrafast decoherence of laser emission
results in the reduction of speckle contrast to 3% in less than 1 nanosecond.
I. INTRODUCTION
Conventional lasers have a high degree of spatial coher-
ence, manifesting coherent artifacts and cross-talk. One
prominent example is speckle noise, which is detrimen-
tal to laser applications such as imaging, display, mate-
rial processing, photolithography, optical trapping and
more [1]. Several techniques have been developed to sup-
press speckle noise by incoherently integrating many un-
correlated speckle realizations, e.g. by using a moving
diffuser or aperture [2–9]. Typically, these methods are
effective only at long integration times, i.e. in the order
of a millisecond or longer.
Fast speckle suppression is essential for time-resolved
imaging of moving targets or transient phenomena [10–
12]. It can be achieved by using multimode lasers with
low and tunable spatial coherence on demand [13–19].
The decoherence time of such lasers, critical for fast
speckle suppression in short integration times, is deter-
mined by the frequency spacing and linewidth of the indi-
vidual lasing modes, as well as the total width of emission
spectrum ∆Ω [20]. Let us consider N transverse modes
lase simultaneously, and assume that the linewidth of
each individual transverse mode is smaller than the typ-
ical frequency spacing ∆ωt of neighboring modes. Only
when the integration time τ exceeds 1/∆Ω, the modal
decoherence starts. Once τ exceeds 1/∆ωt, the N las-
ing modes become mutually incoherent and the speckle
contrast C is reduced to 1/
√
N . Therefore, broadening
the laser emission spectrum and increasing the frequency
spacing between the transverse modes accelerates speckle
suppression, as demonstrated recently with a broad-area
semiconductor laser [19].
To reach low spatial coherence, a large number of
transverse modes must lase simultaneously. This requires
the modes to have a similar loss or quality factor, which
can be achieved with a degenerate laser cavity (DCL)[21].
The DCL self imaging configuration ensures that all
transverse modes have an almost identical (degenerate)
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quality factor. Experimentally It has been shown that
N ≈ 320, 000 transverse modes can lase simultaneously
and independently in a solid-state DCL [22]. However,
the transverse modes are also nearly degenerate in fre-
quency, which implies a longer decoherence (integration)
time. In the short nanosecond time scale, the longitudi-
nal modes play a critical role in spatial coherence reduc-
tion [11]. In particular, the spatio-temporal dynamics of
a DCL having M longitudinal modes reduces the speckle
contrast to 1/
√
M . However, since the number of lon-
gitudinal modes is typically far less than the number of
transverse modes (M  N), this method yields limited
speckle contrast reduction at short time scales.
In this work, we accelerate the spatial decoherence of a
DCL by inserting a phase diffuser (random phase plate)
into the cavity. The intracavity phase diffuser lifts the
frequency degeneracy of transverse modes and broadens
the lasing spectrum. Simultaneously, a large number of
transverse modes manage to lase because of their high
quality factors. The speckle contrast is reduced to 3%
in less than one nanosecond. The laser output power is
reduced by merely 15% with the intracavity phase dif-
fuser. This work provides a simple and robust method
for ultrafast speckle suppression.
II. LASER CAVITY CONFIGURATION
Figure 1A is a sketch of our DCL in a self-imaging
condition [22]. It is comprised of a high-reflectivity flat
back mirror, a Nd:YAG gain medium optically pumped
by a flash lamp, two spherical lenses of focal lengths f
in a 4f telescope configuration and an output coupler,
more details are given in Methods (1). We calculate the
transverse modes (see Methods for details), and plot the
histogram of the frequency differences between the n-
th order transverse mode ωn and the fundamental mode
ω0. ωn − ω0 is normalized by the free spectral range
(FSR), which is the frequency spacing of longitudinal
mode groups ∆ωl. The panel in the center indicates
that all the transverse modes in a perfect DCL are ex-
actly degenerate in frequency. The quality factor as a
ar
X
iv
:2
00
7.
10
80
4v
1 
 [p
hy
sic
s.o
pti
cs
]  
21
 Ju
l 2
02
0
2function of the transverse mode index in the right plot
exhibits a uniform distribution of high quality factors,
indicating that all the transverse modes have an exactly
identical (degenerate) quality factor. In this ideal case,
despite the fact that many transverse modes are expected
to lase, the spectral degeneracy slows down the spatial
decoherence. Only when the photodetection integration
time exceeds the coherence time given by the inverse of
spectral linewidth of individual lasing modes, the degen-
erate modes become mutually incoherent and the speckle
contrast decreases. Note that in practice such an ideal
DCL cannot be realized due to the presence of misalign-
ment errors, thermal effects, and optical aberrations [23].
Therefore, the transverse lasing modes have slightly dif-
ferent frequencies, which in turn shortens the time of
decoherence [22].
In order to accelerate the spatial decoherence, the fre-
quency spacing of the transverse modes has to be in-
creased. Namely, the frequency degeneracy of the modes
has to be broken. A conventional method for break-
ing the frequency degeneracy is detuning the cavity, e.g.
translating the output coupler in the longitudinal (z) axis
of the cavity, which leads to the configuration in Fig-
ure 1B. With a sufficient longitudinal displacement ∆z,
i.e. ∆z = 0.04f for our cavity geometry, the frequency
spacings of the transverse modes are extended to the en-
tire free spectral range (middle panel). However, the de-
generacy in quality factors is also lifted, and many modes
suffer a severe quality factor degradation (right panel).
Therefore, the number of lasing modes will be signifi-
cantly reduced, resulting in an effectively higher speckle
contrast.
In order to break the frequency degeneracy and in-
crease the frequency spacings of the transverse modes,
while minimizing their quality factor degradation, we ex-
plore a different approach, i.e. inserting an intracavity
phase diffuser into the DCL (Figure 1C). The phase dif-
fuser is placed inside the DCL, next to the output cou-
pler, in order to maintain the self-imaging condition of
the cavity. The intracavity phase diffuser is a computer-
generated random phase plate made of glass. It intro-
duces an optical phase delay that varies randomly from
−pi to pi on a length scale of ≈ 200 µm (see Methods
(1)). The middle panel of Figure 1C shows that the trans-
verse modes are spread over the entire free spectral range
(FSR) of the DCL, increasing the frequency spacings be-
tween them. However, in contrary to the misaligned cav-
ity case, many transverse modes experience minor quality
factor degradation. As a result, a large number of trans-
verse modes are expected to lase in a wide spectrum of
frequencies, accelerating the speckle suppression process.
III. ULTRAFAST SPECKLE SUPPRESSION
To demonstrate the efficiency of our method, we ex-
perimentally measure the speckle contrast for integration
times in the range of 10−10 to 10−4 sec. The output beam
of the DCL is incident onto a thin diffuser placed outside
the laser cavity. Then the speckle intensity is measured
by a fast photodetector at the far field. See Methods (1)
for a detailed description of the experimental setup and
the measurement scheme. Figure 2A shows the measured
speckle contrast as a function of the photodetector’s in-
tegration time without and with an intracavity phase dif-
fuser, at the pump power of 3 times the lasing threshold.
By measuring the speckle contrast over many time win-
dows of an equal length, we compute the mean contrast
value and estimate the uncertainty that is shown by the
shaded area. The lasing pulse is ∼ 100 µs long. To avoid
the transient oscillations at the beginning of the lasing
pulse, we analyze the emission after the laser reaches a
quasi steady state. For the effects of lasing transients,
see Supplementary S1. Experimental data with a lower
pump power is presented in Supplementary S2.
With the intracavity phase diffuser, the speckle con-
trast at short integration times (between 10−10 to 10−7
sec) is significantly lower than that without the intra-
cavity phase diffuser. Even when the integration time
is as short as 10−9 sec, the speckle contrast is already
reduced to 3%. To understand this remarkable result,
we numerically calculate the field evolution in a passive
cavity with a simplified (1+1)D model. Nonlinear inter-
actions of the lasing modes through the gain medium are
neglected (see Methods (2) for details about the numer-
ical model). The calculated speckle contrast is plotted
as a function of integration time τ in Figure 2B. When
τ is shorter than the inverse of the emission spectrum
width 1/∆Ω, all lasing modes within ∆Ω are mutually
coherent with each other. The interference of their fields
scattered by the external diffuser produces a speckle pat-
tern of unity contrast (C ≈ 1).
Once τ > 1/∆Ω, the lasing modes of frequency spac-
ing larger than 1/τ decohere with respect to each other,
and the intensity sum of their scattered light reduces the
speckle contrast. With increasing τ , more lasing modes
become mutually incoherent, and the speckle contrast
continues to drop. In a slightly imperfect DCL without
the phase diffuser, the longitudinal mode spacing ∆ωl
is much larger than the transverse mode spacing ∆ωt.
Once τ exceeds 1/∆ωl ∼ 10−8 sec, different longitudinal
modal groups are mutually incoherent, but the transverse
modes within each longitudinal modal group remain co-
herent till τ reaches 1/∆ωt ∼ 10−6 sec. Thus the speckle
contrast reduction is greatly slowed down in the time in-
terval between 10−8 and 10−6 sec. Once τ exceeds 10−6
sec, the decoherence of the transverse modes leads to a
further reduction of speckle contrast. See Ref. [11] for a
comprehensive theory.
With an intracavity phase diffuser in the DCL, the
gap between ∆ωl and ∆ωt diminishes as the intracav-
ity phase diffuser introduces different phase delays (fre-
quency shifts) to individual transverse modes (as de-
picted in Figure 1C). Meanwhile, the intracavity phase
diffuser causes a relatively small reduction in the quality
factor of many transverse modes. Thus a large number
3FIG. 1. Degenerate cavity laser (DCL) configurations. (A) An Ideal DCL with a total length of 4f . (B) A misaligned DCL. The
output coupler is longitudinally translated by ∆z along the cavity axis z, with a total cavity length of 4f+∆z. (C) A DCL with
an intracavity phase diffuser placed next to the output coupler. The left column contains a sketch of each cavity configuration,
the middle column shows the histogram of the frequency differences between the transverse modes and the fundamental one
within one longitudinal mode group normalized by the free spectral range: (ω−ω0)/∆ωl, and the right column plots the quality
factor vs. transverse mode index. The red horizontal line marks half of the maximum quality factor as a reference. The ideal
DCL has a large number of high-quality transverse modes, all with the same frequency (both frequency and quality factor
degeneracies). The longitudinally-misaligned DCL has many modes with different frequencies but also has a relatively small
number of transverse modes with high quality factors (no degeneracies). The DCL with a phase diffuser has a relatively large
number of high-quality transverse modes with enhanced frequency differences, enabling ultrafast speckle suppression.
of transverse modes can still lase and their frequency de-
tuning accelerates the spatial decoherence. In the time
interval of 10−8 to 10−6 sec, the speckle contrast contin-
ues to decrease due to the decoherence of the transverse
modes within one free spectral range.
To verify this explanation, we compare the power spec-
trum of emission intensity of the DCL with the intracav-
ity phase diffuser to that without. The power spectrum
spectrum is obtained by Fourier transforming the time
intensity signal of the emission. Figure 3 shows the mea-
sured and simulated power spectra, which reflects the
frequency beating of the lasing modes. Without the in-
tracavity phase diffuser (top row), the power spectrum
features narrow distributions peaked at the harmonics
of FSR = c/(2L) ≈ 128 MHz, where c is the speed of
light, and L = 117 cm the total optical length of the
DCL. The narrow distributions centered at the harmon-
ics of the FSR reveal a slight breaking of frequency de-
generacy of the transverse modes, due to the inherent
imperfections of the cavity. With the intracavity phase
diffuser (bottom row), the power spectrum of emission
intensity features many narrow peaks in between the har-
monics of the FSR. As the transverse modes move fur-
ther away from the frequency degeneracy, their frequency
differences, which determine their beat frequencies, in-
crease. Nevertheless, the longitudinal mode spacing is
unchanged, thus the peaks at the harmonics of the FSR
remain in the power spectrum but appear narrower than
that without the intracavity phase diffuser. The changes
in the power spectrum indicates a frequency broadening
of spatio-temporal modes by the intracavity phase dif-
fuser. An ensemble of mutually incoherent lasing modes
separated by frequency spacings in the range of ∼ 1 MHz
to ∼ 128 MHz leads to a faster decoherence rate on the
time scale of ∼ 10−8 sec to ∼ 10−6 sec. This observation
is consistent with the behavior shown in Figure 2.
Surprisingly, the intracavity phase diffuser causes a sig-
nificant speckle contrast reduction even when the integra-
tion time is shorter than 10−8 sec, as seen in Figure 2A.
Note that this behavior is not captured in the simulation
(Figure 2B). To explain this effect, we analyze the entire
experimentally-measured power spectra [24]. The results
4FIG. 2. Speckle contrast as a function of the photodetector’s
integration time measured for the DCL without and with an
intracavity phase diffuser. The pump power is roughly three
times the lasing threshold (P ≈ 3Pth). (A) Experimental
data. (B) Numerical results. Experimentally, the intracav-
ity phase diffuser introduces a significant reduction in speckle
contrast for integration times τ less than 10−6 sec. Numer-
ically, the reduction of speckle contrast by the intracavity
phase diffuser is seen for 10−8 sec < τ < 10−6 sec.
FIG. 3. Power spectra of the DCL’s emission intensity with-
out (top row) and with (bottom row) the phase diffuser. (A)
Experimental data. (B) Numerical results. The intracavity
phase diffuser broadens the radio-frequency distribution in
each FSR unit, increasing the frequency spacing of the trans-
verse modes and leading to faster spatial decoherence and
speckle suppression.
are presented in Figure 4 both (A) without and (B) with
the phase diffuser in the DCL.
Without the intracavity phase diffuser, the power spec-
trum envelope decays with increasing frequency. With
the intracavity phase diffuser, the power spectrum ex-
hibits an essentially constant envelope over the entire
power detection range of 5 GHz. This difference indicates
that the intracavity phase diffuser facilitates lasing in a
broader frequency range. With the intracavity phase dif-
fuser, the mutually incoherent lasing modes of frequency
spacing well above 1 GHz accelerate the speckle reduction
in the sub-nanosecond time scale. Our numerical simula-
tion does not account for mode competition for gain, and
cannot predict the lasing spectrum broadening. There-
fore, the difference between the experimental and the nu-
merical results in the ultrashort time regime is attributed
to the change in nonlinear lasing dynamics. Namely, the
intracavity phase diffuser reduces mode competition for
gain, allowing modes with wider frequency differences to
lase simultaneously.
FIG. 4. Experimentally-measured full-scale power spectrum
of emission intensity of the degenerate cavity laser (A) with-
out and (B) with the intracavity phase diffuser. The power
spectrum envelope decreases with frequency in (A) and re-
mains nearly constant in (B), indicating that the intracavity
phase diffuser enhances lasing in a broader spectral range and
accelerates speckle suppression within 1 nanosecond integra-
tion time.
Finally, we measure the total output power of the
DCL without and with the intracavity phase diffuser. As
shown in Supplementary S3, inserting the phase diffuser
in the DCL results in a power loss of about 15%.
IV. CONCLUSION
In conclusion, we introduce a novel method to acceler-
ate the spatial decoherence of a degenerate cavity laser
(DCL). The method relies on the insertion of an intra-
cavity phase diffuser into a DCL to lift the frequency de-
generacy of the transverse modes and broaden the lasing
spectrum. Although the degeneracy of quality factors is
also lifted, a large number of modes can still lase, due to
relatively high quality factors. The frequency detuning of
the modes enhances the speckle suppression at short in-
tegration times. In less than one nanosecond, the speckle
contrast is already reduced to 3%. The laser power re-
duction by the intracavity phase diffuser is about 15%.
Such a fast spatial decoherence is useful for time-resolved
full-field imaging of transient phenomena such as the dy-
namics of material processing [10] and tracking of moving
targets [11, 22]. We plan to extend this work by further
investigating how the intracavity phase diffuser modifies
the nonlinear modal interactions and the spatiotemporal
dynamics of a DCL [25].
5METHODS
(1) Detailed experimental setup
Our experimental setup, shown in Figure 5, consists
of two parts: (i) a DCL with an intracavity phase dif-
fuser, (ii) an imaging system to generate speckle with an
external diffuser, and measure the speckle contrast [11].
The DCL is comprised of a flat back mirror with 95%
reflectivity, a Nd:YAG crystal rod of 10.9 cm length and
0.95 cm diameter, two spherical lenses of 5.08 cm diam-
eter and f = 25 cm focal length, and an output coupler
with 80% reflectivity. Adjacent to the output coupler,
the phase diffuser is placed inside the cavity. Lasing oc-
curs at the wavelength of 1064 nm with optical pumping.
The output beam is focused by a lens with a diameter of
2.54 cm and a focal length of f2 = 6 cm onto a thin dif-
fuser with a 10◦ angular spread of the transmitted light.
A photodetector with a 0.1 ns integration time and a 30
µm diameter is placed at a distance of 10 cm from the
diffuser and records the scattered light intensity within a
single speckle grain in time. We rotate the diffuser and
repeat the time intensity trace measurement of a differ-
ent speckle grain. In total, 100 time intensity traces are
recorded.
FIG. 5. Experimental configuration for the time-resolved
speckle intensity measurement. (A) Sketch of (i) a degener-
ate cavity laser (DCL) with an intracavity phase diffuser, and
(ii) an imaging system with a external diffuser for generating
speckle and a fast photodetector for measuring the speckle
intensity as a function of time. (B) The two-dimensional
phase profile of the intracavity phase diffuser, measured by
a home-built optical interferometer. (C) Cross-section of the
two-dimensional autocorrelation function of the phase profile
shown in (B), its width gives the typical length scale over
which the phase varies.
The intracavity phase diffuser (Figure 5B) is a
computer-generated surface relief random phase plate of
diameter 5.08 cm and thickness 2.3 mm. The angu-
lar spread of the transmitted light is 0.3◦. The two-
dimensional phase profile across the phase diffuser is
measured with a home-built optical interferometer. The
phase randomly varies in 16 equal steps between −pi to
pi with a uniform probability density. From the mea-
sured phase profile, we compute the spatial correlation
function, as shown in Figure 5C. Its half width at half
maximum is 100 µm. The spatial correlation length is
200 µm, in agreement with the angular spread of the
scattered light from the phase diffuser.
(2) Numerical simulation
We simulate continuous wave propagation in a pas-
sive degenerate cavity with and without the intracavity
phase diffuser. The cavity length and width are identical
to those of the DCL in our experiment, except that the
cross-section is one dimensional in order to shorten the
computation time. Without the intracavity phase dif-
fuser, the field evolution matrix of a single round trip in
the cavity is
Mwo = MB ·M ·MF (1)
where MF is the field propagation matrix from the back
mirror to the output coupler, and MB from the output
coupler to the back mirror, M represents a small ax-
ial misalignment of the DCL [23]. With the intracavity
phase diffuser placed next to the output coupler, the field
evolution matrix of a single round trip becomes:
Mw = MB ·M ·MPD ·MF , (2)
where MPD represents the phase delay of the field in-
duced by the phase diffuser for one round trip in the
cavity. To construct MPD in our simulations, we use the
spatial distribution of the phase delay taken from the
measured profile in Figure 5B.
The matrices Mwo and Mw are diagonalized to ob-
tain the eigenmodes of the cavity without and with the
intracavity phase diffuser. A subset of the eigenmodes
have high quality factors (low losses). Hence, they have
low lasing threshold, and correspond to the lasing modes.
The total field in the cavity can be expressed as a sum
of these modes:
E(x, t) =
M∑
m=−M
N∑
n=1
αm,nψn(x)e
i[ωm,nt+φm,n(t)], (3)
where αm,n and ωm,n denote the amplitude and fre-
quency of a mode with a longitudinal index m and a
transverse index n, ψn(x) represents the transverse field
profile for the n-th eigenmode. The phase φm,n(t) fluc-
tuates randomly in time to simulate the spontaneous-
emission-induced phase diffusion that leads to spectral
broadening [26]. The total number of transverse modes
is N and the number of longitudinal modes is 2M .
6The optical gain spectrum is approximated as a
Lorentzian function centered at ω0 with a full-width-at-
half-maximum (FWHM) of 32 GHz. All lasing modes
are within the gain spectrum and their frequencies can
be written as ωm,n = ω0 +m∆ωl +ωn, where ∆ωl is the
longitudinal mode spacing (FSR), m = {−M, ... + M},
M = 120, and ωn is the transverse mode frequency. The
total number of time steps in the simulation of field evo-
lution is 106, each step has the duration of 0.1 ns. The
power spectrum is calculated by Fourier transforming the
time trace of the intensity |E(x, t)|2.
To generate an intensity speckle, we simulate the field
propagation from the output coupler of the degenerate
cavity to the external diffuser, and then from the diffuser
to the far field. The field intensity at the far field is
used to compute the speckle contrast as a function of the
integration time [see Methods (3)].
(3) Measurement of speckle contrast
We use the experimental setup in Figure 5A to mea-
sure the time-resolved intensity of a single speckle grain
behind a diffuser that is placed outside of the DCL. Us-
ing the detector with an integration time of dt = 0.1
ns, we record the intensity as a function of time with
and without the phase diffuser inside the DCL. The time
trace of the intensity is recorded at 100 spatial loca-
tions ~ri = (xi, yi), where i = 1...100, by rotating the
external diffuser by 3.6◦ for each realization. From the
100 intensity traces, we calculate the speckle contrast C
as a function of the integration time τ . First, the to-
tal time window T is divided into J = T/τ intervals.
For the j-th interval, the intensity is integrated in time:
Ij(~ri, τ) =
∫ (j+1)τ
jτ
I(~ri, t) dt, where I(~ri, t) is the time
trace of intensity measured at location ~ri. Then, the
speckle contrast is calculated for the integration time of
τ for the j-th interval:
Cj(τ) =
σj(τ)
µj(τ)
, (4)
where σj(τ) =
√
〈I2j (~ri, τ)〉i − 〈Ij(~ri, τ)〉2i is the stan-
dard deviation and µj(τ) = 〈Ij(~ri, τ)〉i is the mean in-
tensity over i = 1...100 spatial locations. Finally, we
compute the mean speckle contrast over all time inter-
vals of length τ : C(τ) = 〈Cj(τ)〉j . The uncertainty of
C(τ) is estimated from the standard deviation: σC(τ) =√〈Cj(τ)2〉j − C(τ)2. Repeating this method, we com-
pute the speckle contrast for different integration times
τ in the range from 10−10 to 10−4 sec [11].
Acknowledgements
The authors thank Arnaud Courvoisier and Ronen
Chriki for their advice and help in the measurements.
This work is partially funded by the US-Israel Binational
Science Foundation (BSF) under grant no. 2015509. The
work performed at Yale is supported partly by the US Air
Force Office of Scientific Research under Grant No. FA
9550-20-1-0129, and we acknowledge the computational
resources provided by the Yale High Performance Com-
puting Cluster (Yale HPC). The research done at Weiz-
mann is supported by the Israel Science Foundation.
[1] J.W. Goodman. Speckle Phenomena in Optics: Theory
and Applications. Roberts and Company, 2010.
[2] Kishore V. Chellappan, Erdem Erden, and Hakan Urey.
Laser-based displays: a review. Appl. Opt., 49(25):F79–
F98, Sep 2010.
[3] Serge Lowenthal and Denis Joyeux. Speckle removal by a
slowly moving diffuser associated with a motionless dif-
fuser. J. Opt. Soc. Am., 61(7):847–851, Jul 1971.
[4] T.S. McKechnie. Reduction of speckle by a moving aper-
ture - first order statistics. Opt. Commun., 13(1):35 – 39,
1975.
[5] Caesar Saloma, Satoshi Kawata, and Shigeo Minami.
Speckle reduction by wavelength and space diversity us-
ing a semiconductor laser. Appl. Opt., 29(6):741–742, Feb
1990.
[6] Yuhei Kuratomi, Kazuo Sekiya, Hiroaki Satoh, Tatsuhiro
Tomiyama, Tohru Kawakami, Baku Katagiri, Yoshito
Suzuki, and Tatsuo Uchida. Speckle reduction mecha-
nism in laser rear projection displays using a small mov-
ing diffuser. J. Opt. Soc. Am. A, 27(8):1812–1817, Aug
2010.
[7] Laura Waller, Guohai Situ, and Jason W. Fleischer.
Phase-space measurement and coherence synthesis of op-
tical beams. Nat. Photon., 6(7):474–479, 2012.
[8] Trinh-Thi-Kim Tran, Øyvind Svensen, Xuyuan Chen,
and Muhammad Nadeem Akram. Speckle reduction in
laser projection displays through angle and wavelength
diversity. Appl. Opt., 55(6):1267–1274, Feb 2016.
[9] M Nadeem Akram and Xuyuan Chen. Speckle reduc-
tion methods in laser-based picture projectors. Optical
Review, 23(1):108–120, 2016.
[10] Alexandre Mermillod-Blondin, Heiko Mentzel, and
Arkadi Rosenfeld. Time-resolved microscopy with ran-
dom lasers. Opt. Lett., 38(20):4112–4115, Oct 2013.
[11] Ronen Chriki, Simon Mahler, Chene Tradonsky, Vishwa
Pal, Asher A. Friesem, and Nir Davidson. Spatiotempo-
ral supermodes: Rapid reduction of spatial coherence in
highly multimode lasers. Phys. Rev. A, 98:023812, Aug
2018.
[12] Sebastian Knitter, Changgeng Liu, Brandon Redding,
Mustafa K. Khokha, Michael A. Choma, and Hui Cao.
Coherence switching of a degenerate vecsel for multi-
modality imaging. Optica, 3(4):403–406, Apr 2016.
7[13] Brandon Redding, Michael A Choma, and Hui Cao. Spa-
tial coherence of random laser emission. Opt. Lett.,
36(17):3404–3406, 2011.
[14] Brandon Redding, Michael A. Choma, and Hui Cao.
Speckle-free laser imaging using random laser illumina-
tion. Nat. Photon., 6(6):355–359, 2012.
[15] Micha Nixon, Ori Katz, Eran Small, Yaron Bromberg,
Asher A Friesem, Yaron Silberberg, and Nir Davidson.
Real-time wavefront shaping through scattering media by
all-optical feedback. Nat. Photon., 7(11):919–924, 2013.
[16] Brandon Redding, Alexander Cerjan, Xue Huang, Min-
joo Larry Lee, A. Douglas Stone, Michael A. Choma,
and Hui Cao. Low spatial coherence electrically pumped
semiconductor laser for speckle-free full-field imaging.
Proc. Natl. Acad. Sci. U.S.A, 112(5):1304–1309, 2015.
[17] Brett H. Hokr, Morgan S. Schmidt, Joel N. Bixler,
Phillip N. Dyer, Gary D. Noojin, Brandon Redding,
Robert J. Thomas, Benjamin A. Rockwell, Hui Cao,
Vladislav V. Yakovlev, and Marlan O. Scully. A narrow-
band speckle-free light source via random Raman lasing.
J. Mod. Opt., 63(1):46–49, 2016.
[18] Seng Fatt Liew, Sebastian Knitter, Sascha Weiler, Je-
sus Fernando Monjardin-Lopez, Mark Ramme, Bran-
don Redding, Michael A. Choma, and Hui Cao. Intra-
cavity frequency-doubled degenerate laser. Opt. Lett.,
42(3):411–414, Feb 2017.
[19] Kyungduk Kim, Stefan Bittner, Yongquan Zeng,
Seng Fatt Liew, Qijie Wang, and Hui Cao. Electri-
cally pumped semiconductor laser with low spatial co-
herence and directional emission. Appl. Phys. Lett.,
115(7):071101, 2019.
[20] Hui Cao, Ronen Chriki, Stefan Bittner, Asher A.
Friesem, and Nir Davidson. Complex lasers with con-
trollable coherence. Nat. Rev. Phys., 1(2):156–168, 2019.
[21] J. A. Arnaud. Degenerate optical cavities. Appl. Opt.,
8(1):189–196, Jan 1969.
[22] M. Nixon, B. Redding, A. A. Friesem, H. Cao, and
N. Davidson. Efficient method for controlling the spa-
tial coherence of a laser. Opt. Lett., 38(19):3858–3861,
Oct 2013.
[23] Jacques A Arnaud. Degenerate optical cavities. ii: Effect
of misalignments. Appl. Opt., 8(9):1909–1917, 1969.
[24] Note that since our detector has an integration time of
0.1 ns, it is not possible to measure the entire beating
frequency spectrum (32 GHz bandwidth) of the DCL but
a part of it (5 GHz range).
[25] Stefan Bittner, Stefano Guazzotti, Yongquan Zeng, Xi-
aonan Hu, Hasan Yılmaz, Kyungduk Kim, Sang Soon
Oh, Qi Jie Wang, Ortwin Hess, and Hui Cao. Suppress-
ing spatiotemporal lasing instabilities with wave-chaotic
microcavities. Science, 361(6408):1225–1231, 2018.
[26] Rick Durrett. Probability: theory and examples, vol-
ume 49. Cambridge university press, 2019.
SUPPLEMENTARY MATERIAL
(S1) Speckle contrast from the entire lasing pulse
For the speckle contrast analysis presented in Fig. 2 of
the main text, we set the total time window T to exclude
any transient lasing behavior (e.g. spiking, relaxation
oscillation) at the beginning of the lasing pulse and the
intensity decay near the end of the lasing pulse. In Fig-
ure 6A, the vertical black dashed lines mark the time
window of length T ∼= 50 µs, within which lasing reaches
a quasi steady state, and the speckle contrast is obtained
as a function of the integration time τ .
FIG. 6. Effects of lasing transients on speckle contrast. (A)
The measured time trace of emission intensity (left panel) and
the speckle contrast (right panel) obtained from the middle
part (marked by vertical black dashed lines) of the lasing pulse
where quasi steady state is reached. (B) The time intensity
trace (left) and the speckle contrast (right) obtained from
almost the entire lasing pulse that is marked by the vertical
black dashed lines. When the lasing transients are excluded,
the speckle contrast is lower, especially at integration times
between 10−8 to 10−6 sec.
Figure 6B shows the speckle contrast obtained with
T ∼= 120 µs, including the lasing transients. The speckle
contrast decreases with increasing τ , similar to the case
where the lasing transients are excluded. However, the
speckle contrast is higher, especially at integration times
between 10−8 to 10−6 sec, due to additional fluctuations
of emission intensity at the beginning of the lasing pulse.
8FIG. 7. Speckle contrast as a function of the integration time,
both without and with the intracavity phase diffuser in the
DCL, at two pump levels. (A) P ≈ 3Pth (as in Fig. 2 in
the main text). (B) P ≈ 2Pth. While the speckle contrast
is higher at a lower pump level, the reduction of the speckle
contrast by the intracavity phase diffuser is greater.
(S2) Speckle contrast at two different pump values
We measure the speckle contrast at different pump lev-
els of the DCL. In the main text (Figure 2A), we show
the speckle contrast measured at three times of the lasing
threshold P ≈ 3Pth (also shown in Figure 7A). In Fig-
ure 7B we present the data measured at a lower pump
level P ≈ 2Pth. Since less transverse modes lase at a
lower pump level, the speckle contrast is higher at any
integration time, with and without the intracavity phase
diffuser. However, the speckle contrast reduction by the
intracavity phase diffuser is greater at the lower pump
level. Lasing transient processes such as temporal spik-
ing and relaxation oscillation last for a longer time at the
lower pump level and that results in an increase of the
speckle contrast. The intracavity phase diffuser reduces
the quality factor of most lasing modes, and shortens the
transient process. Thus, within the time window for the
speckle analysis, the effect of lasing transients is weaker.
This fact is, at least partly, responsible for the greater
reduction of speckle contrast at a lower pump level.
In Figure S7B we present the data measured at a
lower pump level P ≈ 2Pth. Since less transverse modes
lase at a lower pump level, the speckle contrast is
higher at any integration time, with and without the
intracavity phase diffuser. However, the speckle contrast
reduction by the intracavity phase diffuser is greater at
the lower pump level. Lasing transient processes such
as temporal spiking and relaxation oscillation last for
a longer time at the lower pump level and that results
with an increase of the speckle contrast. The intracavity
phase diffuser reduces the quality factor of most lasing
modes, and shortens the transient process. Thus, within
the time window for the speckle analysis, the effect of
lasing transients is weaker. This fact is, at least partly,
responsible for the greater reduction of speckle contrast
at a lower pump level.
(S3) Total output power of the DCL configurations
We experimentally measure the total output power
of the DCL without and with the intracavity phase
diffuser. As shown in Figure 8A, the total output power
with the intracavity phase diffuser is slightly lower than
that without. In Figure 8B we plot their ratio, which is
about 0.85 for all the pump levels. Thus, the intracav-
ity phase diffuser causes a power reduction of about 15%.
FIG. 8. Total output power of the degenerate cavity laser
(DCL) with and without the intracavity phase diffuser. (A)
The measured output power normalized by the value just
above the lasing threshold as a function of the pump power
normalized by the threshold value Pth. (B) Ratio of the out-
put power from the DCL with intracavity phase diffuser to
that without. The intracavity phase diffuser reduces the out-
put power by 15% at all pump levels.
